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MinireviewUnderstanding Fragile X Syndrome:
Insights from Retarded Flies
quence identity with human FMR1 (Figure 1). The high
degree of sequence conservation in several key do-
mains, such as the KH domains, RGG box, and the
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University of California, San Francisco ribosomal association domain, suggests functional con-
servation of the protein among species. Indeed, bothSan Francisco, California 94141
human and fly FMR1 proteins preferentially bind to po-
ly(G) and poly(U) stretches in vitro (Siomi et al., 1993;
Ashley et al., 1993; Wan et al., 2000), and both are highly
Fragile X syndrome, the most common form of inher-
expressed in neurons (reviewed in Jin and Warren, 2000;
ited mental retardation, is caused by loss-of-function
Wan et al., 2000; Zhang et al., 2001).
mutations in the fragile X mental retardation 1 (fmr1)
What are the in vivo binding targets of FMR1? Al-
gene. FMR1 is an RNA binding protein that is highly
though FMR1 is capable of binding to a subset of mRNAs
expressed in neurons of the central nervous system.
in vitro and associates with polyribosomes in vivo (Feng
Recent studies in Drosophila indicate that FMR1 plays
et al., 1997), the direct in vivo interaction between FMR1
an important role in synaptogenesis and axonal arbori-
and a specific mRNA has not been demonstrated yet.
zation, which may underlie the observed deficits in
Nonetheless, considerable progress has been made in
flight ability and circadian behavior of fmr1 mutant
identifying the mRNAs that are associated with FMR1
flies. The relevance of these studies to our understand-
messenger-ribonucleoprotein (mRNP) complexes in
ing of fragile X syndrome is discussed.
vivo. Using coimmunoprecipitation and microarray tech-
niques, Brown et al. (2001) identified 432 mRNAs from
During the last decade or so, enormous progress has mouse brain that are preferentially associated with
been made in understanding neural development (Jes- FMR1-mRNP complexes. Using RNA selection meth-
sell and Sanes, 2000). Although many mysteries still ods, Darnell et al. (2001) demonstrated that FMR1 binds
remain to be resolved, it is exciting to realize that deci- to a G quartet structure with high affinity in vitro. They
phering how the brain is built has helped to unravel went on to assess 14 mRNAs identified by Brown et al.
the molecular and cellular bases of many neurological (2001) and found that six of them contained G quartet
disorders. Conversely, studies on diseases offer new sites, raising the possibility that FMR1 may bind directly
insights into normal developmental processes. Studies to these G quartet-containing mRNAs in vivo. One of
in different model systems also expand our repertoire the candidate targets identified by both groups is the
of experimental approaches and will likely lead to new microtubule-associated protein 1B (MAP1B) mRNA.
therapeutic interventions for many seemingly intractable Futsch, the fly homolog of the MAP1B gene, is required
neurological diseases. One exciting example is provided for the proper development of dendrites and synaptic
by recent work on the fragile X mental retardation 1 growth at the neuromuscular junction (NMJ) in Drosoph-
(fmr1) gene in the fruitfly Drosophila. ila (Hummel et al., 2000; Roos et al., 2000). Zhang et al.
Fragile X Syndrome and FMR1 (2001) found that futsch mRNA could be immunoprecipi-
Fragile X syndrome is the most common form of inher- tated by dFMR1-specific monoclonal antibodies, sug-
ited mental retardation in humans, with an estimated gesting that futsch mRNA is associated with dFMR1-
incidence of 1 in 4000 males and 1 in 8000 females. mRNP complexes.
The syndrome is characterized by mild to severe mental What is the molecular function of FMR1 in the mRNP
retardation that is often associated with other abnormal- complexes? FMR1 contains both a functional nuclear
ities, including autistic behavior, hyperactivity, attention localization signal (NLS) and a nuclear export signal
deficit disorder, sleep disorders, and enlarged testes in (NES). Therefore, it has been suggested that FMR1 may
postpubertal males (Hagerman, 1996). The disease is shuttle between the nucleus and the cytoplasm and play
most often caused by the loss of FMR1 function due to a role in the transport of its target RNAs. In addition,
expansion and hypermethylation of CGG repeats in the FMR1-mRNP complexes are associated with polyribo-
regulatory region of the fmr1 gene. In a few other cases, somes in the cytoplasm, suggesting a role in regulating
fragile X syndrome patients have been found with dele- translation (reviewed in Jin and Warren, 2000). Consis-
tions or missense point mutations in the fmr1 coding tent with this idea, Brown et al. (2001) found that 251
region. These alterations associated with fragile X syn-
mRNAs exhibited abnormal polyribosome profiles in
drome have firmly established that loss of the fmr1 gene
cells derived from patients with fragile X syndrome. This
function is the cause of this disorder (reviewed in Jin
finding indicates that translation of these mRNAs is al-
and Warren, 2000).
tered in the absence of FMR1. In the Drosophila nervous
Fmr1 encodes an RNA binding protein that contains
system, Futsch expression is elevated in dfmr1 mutants,
two ribonucleoprotein K homology domains (KH do-
and overexpression of dFMR1 leads to reduced expres-
mains) and an arginine- and glycine-rich domain (RGG
sion of Futsch (Zhang et al., 2001). This finding is consis-box). Drosophila FMR1 (dFMR1, also named as dFXR
tent with the notion that FMR1 functions as a translationby Zhang et al., 2001) shares extensive amino acid se-
repressor of futsch mRNA. It would be interesting to
determine whether other candidate targets are regu-
lated in the same way as futsch and how FMR1 affects1Correspondence: fgao@gladstone.ucsf.edu
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Figure 1. Schematic Representation of Do-
main Structures and Homology of Drosophila
and Human FMR1 Proteins
The Drosophila Genome Project has revealed
only one fly homolog of the human fmr1
(hfmr1) gene that is referred to as dfmr1 in
this minireview, because the name was used
in the first description of the gene in flies (Wan
et al., 2000). Zhang et al. (2001) and Morales
et al. (2002) referred to the dfmr1 gene as
Drosophila fragile X-related (dfxr) gene in
their studies. The dfmr1 gene is located on
the third chromosome and encodes a protein with 681 amino acids that shares a high degree of conservation with hFMR1. Most notably, the
two KH domains and the ribosome interaction domain are about 70% identical between dFMR1 and hFMR1. The RGG box, another RNA
binding motif found in hFMR1, is also present in dFMR1. In addition, a region that mediates protein–protein interactions between hFMR1 and
hFXR1/hFXR2 (reviewed in Jin and Warren, 2000) shows about 50% identity with dFMR1. The high degree of sequence conservation suggests
that dFMR1 is the functional homolog of hFMR1 in flies.
their translational initiation or elongation at the molecu- in either pre- or postsynaptic compartments resulted in
a decrease in the number of synaptic boutons. The sizelar level.
Physiological Functions of FMR1 of synaptic boutons was also increased when dFMR1
was overexpressed presynaptically. In addition, theDeep understanding of the physiological functions of
FMR1 will require suitable animal models. In mammals, evoked synaptic transmission at the NMJ was elevated
in dfmr1 mutant larvae, whereas presynaptic overex-FMR1 is widely expressed at high levels in the brain
and testis. In neuronal cell bodies and dendrites, FMR1 pression of dFMR1 resulted in elevated spontaneous
glutamate release. Strikingly, introduction of the futschcolocalizes with polyribosomes, suggesting a function
for FMR1 in local protein synthesis. Fmr1 knockout mice mutation rescued the structural and functional defects
in dfmr1 mutants. Together with their finding that futschexhibit a subtle defect in learning and memory, enlarged
testes, and hyperactivity, symptoms that are similar to mRNA is associated with dFMR1-mRNP complexes and
Futsch expression is higher in dfmr1 mutants, thesethe deficits found in human patients (The Dutch-Belgian
Fragile X Consortium, 1994). One possible explanation results suggest that dFMR1 regulates the synaptic
structure and function primarily through downregulatingfor the deficits in learning and memory is provided by
the finding that the number and shape of dendritic Futsch translation. However, it is likely that other mRNAs
are present in the dFMR1-mRNP complexes, and theirspines are altered in adult fmr1 knockout mice (Comery
et al., 1997), which is consistent with the observation protein products may also participate in synaptic growth
and function. Whether similar defects at the neuromus-made almost three decades ago that dendritic spine
“dysgenesis” is associated with human mental retardation cular junctions are also found in humans remains to be
investigated.(Purpura, 1974). How FMR1 affects dendritic spine mor-
phogenesis remains elusive, nor do we know whether Two studies reported in this issue of Neuron by Dock-
endorff et al. and Morales et al. have provided moreFMR1 controls other aspects of neuronal function. The
complexity of the mammalian brain makes it difficult to insights into the physiological functions of FMR1. Dock-
endorff et al. (2002) made an interesting serendipitouscarry out detailed analysis of subtle morphological and
biochemical defects that collectively may underlie the observation and followed it up with a number of experi-
ments. In collecting virgin flies for genetic crosses, theymental retardation associated with fragile X syndrome.
The fruitfly Drosophila, equipped with its relatively noticed that, in contrast to wild-type flies, many dfmr1
mutant adult flies failed to escape from the pupal casessimple nervous system and well-established genetics,
entered the field with great promise. By carrying out (a process called eclosion) in the early morning, sug-
gesting a defect in the circadian rhythm. Indeed, well-imprecise excision of a P element that inserts in an intron
of the dfmr1 gene, Zhang et al. (2001) and Dockendorff et designed behavioral tests indicated that mutant flies
were arrhythmic with respect to the time of eclosional. (2002; this issue of Neuron) independently generated
dfmr1 null alleles. As in fmr1 knockout mice, the loss of during the day. The majority of mutant flies eclosed over
an extended period of time during the day; in contrast,fmr1 gene is not lethal in Drosophila (Zhang et al., 2001;
Dockendorff et al., 2002), and flies homozygous for a the majority of wild-type flies, but only a small percent-
age of dfmr1 mutant flies, eclosed in the early morningdfmr1 deletion develop into adults at the expected Men-
delian ratios (Dockendorff et al., 2002). hours (the so-called circadian gate) (Figure 2A). A similar
phenotype is also reported in this issue of Neuron byIn many behavioral tests, the dfmr1 mutant flies did
not differ from wild-type flies. However, Zhang et al. Morales et al. when studying a mutant fly line that con-
tains a deletion mutation in the dfmr1 gene.(2001) found that dfmr1 mutant flies exhibited impaired
coordinated behavior in a flight test, indicating potential Dockendorff et al. (2002) and Morales et al. (2002)
further examined the circadian rhythm of locomotor ac-deficits in locomotor function. Using NMJ as their model
system, the authors demonstrated that dFMR1 regu- tivity in dfmr1 mutants. Wild-type adult flies exhibited
clear rhythmic patterns of rest and activity with a 23.5lates synaptic growth and function. In dfmr1 mutant
larvae, synaptic terminals exhibited more growth and hr circadian cycle (Figure 2B). In contrast, both groups
found that dfmr1 mutant adult flies showed little or nobranching, and the number of synaptic boutons in-
creased by 50%. Conversely, overexpression of dFMR1 rhythmicity (Figure 2C). Importantly, the circadian defect
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Figure 2. Schematic Representation of Cir-
cadian Behavior Defects in dfmr1 Mutant
Flies
Although most wild-type flies eclose in the
early morning hours (A, black line), dfmr1 mu-
tant flies do so over an extended period of
time (A, red line). The peak of the eclosion
rhythm is delayed and the amplitude of the
rhythm is reduced for fmr1 mutant flies. How-
ever, the 23.5 hr circadian period remains the
norm. Wild-type flies also exhibit rhythmic
patterns of locomotor activity (B), while dfmr1
mutant flies show erratic and weak rhyth-
micity (C). However, the total locomotor activ-
ity of mutant flies is the same as that of control
flies in this particular behavior assay. The
black and red bars represent the locomotor
activity of wild-type and dfmr1 mutant flies,
respectively.
in locomotor activity could be rescued by a genomic fects in dfmr1 mutant flies may correlate with the deficits
in their circadian behavior, Morales et al. (2002) andfragment containing the wild-type dfmr1 gene, but not
by a similar DNA fragment that contained a mutated Dockendorff et al. (2002) examined the morphology of
ventral lateral neurons (LNv) that control circadiandfmr1 gene (Dockendorff et al., 2002). This experiment
demonstrated that the loss of the dfmr1 gene function rhythms. They found that more collateral branches ex-
tended from the axons of the LNv in dfmr1 mutants,was indeed responsible for the circadian phenotype in
mutant flies. In addition, overexpression of dFMR1 suggesting potential defects in axon guidance. In addi-
tion, the LNv axon termini exhibited more extensive ar-lengthened the circadian period, from about 23.5 hr to
about 25.5 hr (Dockendorff et al., 2002). Dockendorff et borization. Morales et al. (2002) also found ectopic
branching and loss of axonal extension of DC neuronsal. also measured the total activity of dfmr1 mutant but
found no significant difference from control flies, exclud- in mutant flies that contain dfmr1 deletion mutations, in
contrast to the case of LNv where axons overextended.ing the possibility that arrhythmic behavior of dfmr1
mutant flies was caused by locomotor deficits in this If the observed morphological defects could be rescued
by the expression of the wild-type dfmr1 gene in mutantbehavior assay. Interestingly, dfmr1 mutant flies exhib-
ited bursts of relatively high activity, which may relate flies, these results taken together would suggest that
dfmr1 regulates different pathways in the brain. How-to the hyperactivity found in knockout mice and patients
with fragile X syndrome. Collectively, these studies show ever, it remains to be determined how dFMR1 affects
axon development differentially in distinct cell types.that FMR1 plays a role in the normal circadian behavior
of flies. Although Morales et al. (2002) found greatly The morphological phenotypes found by the investiga-
tors from these two groups are reminiscent of the synap-reduced total activity levels in the mutant flies that con-
tain dfmr1 deletion mutations, the discrepancy could be tic alterations found at the NMJ in dfmr1 mutants (Zhang
et al., 2001) and may underlie the observed deficits indue to the impaired fitness of the few “escaper” flies
from the semilethal mutant lines used in their study. circadian behaviors.
The roles of dFMR1 in eye development and physiol-Since dfmr1 mutations do not affect the viability of mu-
tant adult flies (Zhang et al., 2001; Dockendorff et al., ogy have also been examined in mutant flies, although
some conclusions are controversial at this time (Zhang2002), one possibility is that the semilethal phenotype
observed by Morales et al. (2002) may be caused by an et al., 2001; Morales et al., 2002). Both groups found
that dfmr1 null mutants did not have any obvious defectsunidentified second-site mutation. Future experiments
will be required to fully resolve this issue. in the structures of the eye and photoreceptor axon
terminals. However, Zhang et al. (2001) reported a 51%Which component of the circadian pathway is affected
by FMR1? Dockendorff et al. (2002) and Morales et al. decrease in the amplitude of the postsynaptic response
caused by depolarizaton of photoreceptors in dfmr1(2002) examined the oscillations of timeless and period,
two key determinants of the circadian clock (reviewed mutants, which was not found by Morales et al. (2002).
It would be helpful to verify the eye phenotype usingin Williams and Sehgal, 2001). They found that these
clock genes cycle normally at both the mRNA and pro- the mutant alleles generated independently by Dock-
endorff et al. (2002).tein levels in dfmr1 mutant flies, raising the possibility
that dfmr1 functions downstream of these clock compo- Concluding Remarks
The recent identification of candidate binding targetsnents. Dockendorff et al. (2002) further examined some
known outputs from the circadian clock and found that of FMR1 and the findings that dFMR1 regulates NMJ
synaptic growth and function and circadian behaviorsthe neuropeptide pigment dispersing factor (PDF) was
not affected, but the amplitude of the oscillations of the in flies have generated new excitement in understanding
fragile X syndrome. The establishment of fly modelscAMP responsive element binding protein (CREB) was
reduced in dfmr1 mutant flies. It will be interesting to of this devastating disease provides a new avenue to
dissect multiple physiological pathways affected by thedetermine the exact function of dFMR1 in this pathway.
To address the issue whether any morphological de- mutations in the dfmr1 gene. For instance, the dfmr1
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Jessell, T.M., and Sanes, J.R. (2000). Curr. Opin. Neurobiol. 10,mutations in male flies also affect courtship behavior
599–611.(Dockendorff et al., 2002). The mutant flies showed re-
Jin, P., and Warren, S.T. (2000). Hum. Mol. Genet. 9, 901–908.duced courtship activity due to their failure to maintain
Morales, J., Hiesinger, P.R., Schroeder, A.J., Kume, K., Verstreken,a sustained interest in courtship.
P., Jackson, F.R., Nelson, D.L., and Hassan, B.A. (2002). Neuron 34,However, many important questions remain. (1) What
this issue, 961–972.
RNAs does FMR1 directly bind to in vivo? Experimental
Purpura, D.P. (1974). Science 186, 1126–1128.evidence demonstrating such a direct interaction in vivo
Raff, M.C., Whitmore, A.V., and Finn, J.T. (2002). Science 296,is still largely missing at this time. (2) How does FMR1
868–871.
regulate the activity of its RNA targets? If FMR1 binds
Roos, J., Hummel, T., Ng, N., Klambt, C., and Davis, G.W. (2000).
directly to some G quartet-containing mRNA targets in Neuron 26, 371–382.
vivo, what is the functional significance of this interac-
Siomi, H., Siomi, M.C., Nussbaum, R.L., and Dreyfuss, G. (1993).
tion? Since the G quartet can be found in the 5 untrans- Cell 74, 291–298.
lated regions, coding regions, and 3 untranslated re- Sweeney, N.T., Li, W., and Gao, F.-B. (2002). Dev. Biol., in press.
gions, a specific role of FMR1 in translational regulation Wan, L., Dockendorff, T.C., Jongens, T.A., and Dreyfuss, G. (2000).
remains to be established. (3) Will dendritic abnormali- Mol. Cell. Biol. 20, 8536–8547.
ties be found in flies as in fragile X patients and fmr1 Williams, J.A., and Sehgal, A. (2001). Annu. Rev. Physiol. 63,
knockout mice (Comery et al., 1997)? Some sensory 729–755.
neurons in the peripheral nervous system of Drosophila Zhang, Y.Q., Bailey, A.M., Matthies, H.J.G., Renden, R.B., Smith,
larvae exhibit clear morphological polarity and spine- M.A., Speese, S.D., Rubin, G.M., and Broadie, K. (2001). Cell 107,
591–603.like structures (Sweeney et al., 2002). These neurons
could be used as a model system to address this issue.
(4) Which neuronal circuits in the brain are mainly af-
fected by fmr1 mutations? Multiple carefully designed
behavioral tests and electrophysiological studies may
be needed in both flies and mice to identify these path-
ways. (5) What are the mechanisms underlying the den-
dritic and axonal defects caused by fmr1 mutations in
different physiological pathways? Although a futsch mu-
tation rescued the synaptic defects at the NMJ in dfmr1
mutants (Zhang et al., 2001), it did not rescue the circa-
dian defect observed in locomotor activity (Dockendorff
et al., 2002). (6) The alterations in neuronal morphology
may play an important role in disease processes (Raff
et al., 2002). How might the subtle morphological defects
found in fly and mouse models of fragile X syndrome
lead to severe cognitive deficits? Looking ahead, it is
certain that studies in Drosophila will continue to con-
tribute significantly to our understanding of the patho-
genesis of fragile X syndrome, as well as many other
human neurological disorders.
Selected Reading
Ashley, C.T., Wilkinson, K.D., Reines, D., and Warren, S.T. (1993).
Science 262, 563–566.
Brown, V., Jin, P., Ceman, S., Darnell, J.C., O’Donnell, W.T., Tenen-
baum, S.A., Jin, X., Feng, Y., Wilkinson, K.D., Keene, J.D., et al.
(2001). Cell 107, 477–487.
Comery, T.A., Harris, J.B., Willems, P.J., Oostra, B.A., Irwin, S.A.,
Weiler, I.J., and Greenough, W.T. (1997). Proc. Natl. Acad. Sci. USA
94, 5401–5404.
Darnell, J.C., Jensen, K.B., Jin, P., Brown, V., Warren, S.T., and
Darnell, R.B. (2001). Cell 107, 489–499.
Dockendoff, T.C., Su, H.S., McBride, S.M.J., Yang, Z., Choi, C.H.,
Siwicki, K.K., Sehgal, A., and Jongens, T.A. (2002). Neuron 34, this
issue, 973–984.
The Dutch-Belgian Fragile X Consortium (1994). Cell 78, 23–33.
Feng, Y., Absher, D., Eberhart, D.E., Brown, V., Malter, H.E., and
Warren, S.T. (1997). Mol. Cell 1, 109–118.
Hagerman, R.J. (1996). In Fragile X syndrome, diagnosis, treatment,
and research, R.J. Hagerman and A.A. Cronister, eds. (Baltimore,
MD: John Hopkins University Press), pp. 3–87.
Hummel, T., Krukkert, K., Roos, J., Davis, G., and Klambt, C. (2000).
Neuron 26, 357–370.
